Gel electrophoresis is a standard biochemical technique used for separating biomolecules on the basis of size and charge. Despite the use of gels in early single-molecule experiments, gel electrophoresis has not been widely adopted for single-molecule fluorescence spectroscopy. We present a novel method that combines gel electrophoresis and single-molecule fluorescence spectroscopy to simultaneously purify and analyze biomolecules in a gel matrix. Our method, in-gel alternating-laser excitation (ALEX), uses nondenaturing gels to purify biomolecular complexes of interest from free components, aggregates, and nonspecific complexes. The gel matrix also slows down translational diffusion of molecules, giving rise to long, high-resolution time traces without surface immobilization, which allow extended observations of conformational dynamics in a biologically friendly environment. We demonstrated the compatibility of this method with different types of single molecule spectroscopy techniques, including confocal detection and fluorescencecorrelation spectroscopy. We demonstrated that in-gel ALEX can be used to study conformational dynamics at the millisecond time scale; by studying a DNA hairpin in gels, we directly observed fluorescence fluctuations due to conformational interconversion between folded and unfolded states. Our method is amenable to the addition of small molecules that can alter the equilibrium and dynamic properties of the system. In-gel ALEX will be a versatile tool for studying structures and dynamics of complex biomolecules and their assemblies.
Biological mechanisms depend on multicomponent protein machines and dynamic complexes of biomolecules. A popular separation technique used for purification and characterization of such biomolecules is gel electrophoresis, 1-3 during which molecules are separated in gel matrices on the basis of properties such as size and net electrical charge. In denaturing gel electrophoresis, noncovalent interactions are disrupted by chaotropic agents such as urea or SDS. 1, 3 In contrast, nondenaturing (native) gel electrophoresis preserves the native 3D structure and functionality of biomolecules. [4] [5] [6] Quantitative analysis of electrophoresis gels mainly depends on ensemble measurements of radioactivity or fluorescence, 5, [7] [8] [9] [10] [11] which report on observables averaged over many molecules. This averaging can be eliminated using single-molecule methods, which directly observe and analyze sources of static and dynamic heterogeneity. Early works combining gels and single-molecule fluorescence explored the behavior of single phage DNA molecules (labeled with a large number of DNA-intercalating dyes) during electrophoresis.
12,13 Single-molecule detection of individual fluorophores in gels was first reported by Dickson et al.
14 and was soon followed by several other studies [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] in which the gels were used mainly to slow down diffusion. These methods offer important advantages for single-molecule detection, such as the elimination of surface-immobilization artifacts. However, these approaches relied on copolymerizing the sample with the gel matrix (either in polyacrylamide or agarose) and were hampered by several limitations, including low signal-to-noise ratio, 26 large reduction in the number of detected fluorescent molecules compared to the amount supplied in the gel, 18,26 changes in the photophysical properties of chromophores, 22,26 as well as complete immobilization of molecules even when the average pore size of the gel was much larger than the molecules.
14,19,27 More recently, our group 28 and others 52 reported single-molecule FRET studies of purified complexes in polyacrylamide gel slices. While this approach seems straightforward, single-molecule measurements in gel slices have several practical shortcomings. The need for many preparatory steps (for running, imaging, and slicing the gel) introduces higher background fluorescence and lengthens the preparation time (that includes the gel running time plus >30 min for gel imaging and gel-slice excision), making it unsuitable for complexes with short half-life. Moreover, it is difficult to "tune" the in-gel concentration to the 50-100 pM level needed for singlemolecule detection using confocal optics. Here, we use novel combinations of gel electrophoresis with alternating-laser excitation spectroscopy (ALEX; refs [28] [29] [30] to overcome most of these problems and take advantage of the benefits of single-molecule detection in gels. Using DNA standards, we demonstrated that in-gel ALEX combines excellent detection sensitivity with the remarkable separation capability provided by polyacrylamide gels. We exploited the extension of molecular diffusion in gels to study real-time FRET fluctuations in DNA hairpin molecules diffusing in 6% polyacrylamide (PA) and recovered kinetic parameters in agreement with published reports. We expect that in-gel ALEX will be a useful tool for studying structures and dynamics of complex biomolecules and their assemblies.
EXPERIMENTAL SECTION
Reagents. The quality and purity of the buffers and gel reagents were important for achieving an optimal signal-to-noise ratio for single-molecule detection in gel; if available, "luminescencegrade" chemicals were employed. All reagents are listed in the Supporting Information, Table S-1. DNA. Amino-modified oligonucleotides (IBA) were labeled with NHS-conjugated fluorophores according to the manufacturer's instructions and purified on a reverse-phase C18 FPLC column (µRPC C2/C18, GE Healthcare) on a liquid chromatography system (AKTA, GE Healthcare). The nomenclature for linear DNA is "T X-D ,B Y-A ", where T is top strand, B is bottom strand, X and Y indicate the labeling positions as the number of bases counted from the 5′ end of the top strand, and D and A indicate the fluorophores used. The DNA hairpin was annealed in hybridization buffer (50 mM Tris pH 8.0, 1 mM EDTA, 500 mM NaCl) from labeled and gel-purified single-stranded DNA. All DNA sequences are listed in the Supporting Information, Table S-2. RNA Polymerase (RNAP) Open Complex. The open complex of Escherichia coli RNA polymerase (RNAP) with promoter DNA was formed as described. 31 A reaction mixture (20 µL) of 40 nM holoenzyme (Epicenter) and 10 nM T 25-Cy3B ,B 54-Alexa647 promoter DNA in transcription buffer [40 mM HEPES-NaOH, pH 7.0, 100 mM potassium L-glutamate, 10 mM MgCl 2 , 1 mM DTT, 100 µg/mL bovine serum albumin, 5% (v/v) glycerol] was incubated at 37°C for 15 min. Heparin Sepharose (GE Healthcare; 1 mg/mL) was added to disrupt nonspecific RNAP-DNA complexes and remove free RNAP. After 1 min at 37°C, samples were centrifuged, and 13 µL of supernatant was transferred to tubes containing 0.5 µL of 10 mM ApA (RiboMed) at 37°C.
Gel Electrophoresis. We prepared gels of different 37:1 acrylamide:bis-acrylamide concentrations using 0.1% (w/v) ammonium persulfate and 0.4 µL/mL TEMED. Unless specified, gels were formed and run in Tris-glycine (TG) buffer (25 Figure 3E ) was run on a Mini-Protean gel (BioRad) at 120 V for 45 min and imaged using a gel scanner (PharosFX, BioRad).
Mini-gel chambers ( Figure 1A ) were formed by placing a 2-mm silicone gasket (Grace Bio Laboratories) between a large and a small glass coverslip (22 × 50 and 22 × 20 mm, respectively; 0.13-0.16 mm thick, VWR) and sealing one end with a Blu-Tack dam. To form the gel, the chamber was filled with ≈500 µL of acrylamide mixture and sealed with a comb ( Figure 1A ). After polymerization, the comb and dam were removed and the chamber was filled with running buffer. The electric field is supplied through two Pt electrodes (WPI) connected to a power supply (Wolf Laboratories). Extensive coverslip cleaning was unnecessary for confocal experiments on diffusing molecules but useful for wide-field or TIRF imaging. The gels were prerun at 5 V/cm for 30 min and the running buffer was replenished to remove any free radicals and acrylamide.
1,2 Five microliters of 1 nM sample was loaded into the well using gel-loading tips (GelSaver II, USA Scientific) with the voltage at 5 V/cm. Joule heating (i.e., excess heat due to electrical-current passage through the media) was <1°C at 5 V/cm. Higher voltage will accelerate electrophoresis, but could lead to overheating and worse band separation.
Single-molecule observations were performed by placing the gel-containing coverslip sandwich (with the large coverslip on the bottom) on the top of a microscope objective (water immersion, 1.2 NA, 60×, Olympus). Systematic in-gel fluorescence correlation spectroscopy (FCS) measurements on DNA standards at varying distances (10-60 µm) of the confocal volume from the bottom coverslip showed extended diffusion in all cases (not shown), indicating the presence and integrity of the gel matrix for the studied range of distances from the coverslip. Unless otherwise noted, our in-gel ALEX measurements were performed with the confocal volumes placed at ≈30 µm above the top surface of the bottom coverslip.
For reagent delivery, the gel apparatus was modified ( Figure  6A ) by replacing the top coverslip with two small coverslips attached together using tape (Scotch tape, 3M). After gel polymerization, one of the top coverslips and the tape were removed to expose the top surface of the gel, while the other small coverslip kept the gel in place. With the voltage off, the running buffer was drained and the reagent was deposited directly on the exposed gel surface closest to location of the confocal spot.
Optical Setup. Single-molecule fluorescence experiments were performed using a home-built confocal microscope with excitation wavelengths of 532 nm (Samba, Cobolt) and 638 nm (Cube, Coherent) with ALEX as described. 29, 31, 32 The two lasers were alternated with a modulation frequency of 10 kHz and coupled into an inverted confocal microscope (IX71, Olympus). Data acquisitions were performed with custom software written in LabVIEW (National Instruments). Fluorescence arrival times were recorded on two spectrally separated detectors (SPQR-14, Perkin-Elmer) and processed using custom software written in LabVIEW, MATLAB (MathWorks), and Python (Python Software Foundation). Experiments requiring high photon counts to achieve high temporal resolution ( Figure 5 ) were conducted with excitation power of 400 µW (donor excitation, D ex ) and 60 µW (acceptor excitation, A ex ); excitation powers were measured at continuous-wave mode before the dichroic. The rest of the in-gel ALEX experiments were performed using 200 µW (for D ex ) and 50 µW (for A ex ).
FCS experiments were performed with continuous excitation of either 532 nm (150 µW) or 638 nm (60 µW). Photon arrival times in the donor and acceptor channels were directly correlated using hardware correlator (Flex02-02D, Correlator.com).
ALEX Data Analysis. ALEX-based experiments produce four photon streams:
is the photon count detected in Y-emission wavelength upon excitation with the X-excitation laser. Fluorescence bursts corresponding to molecules diffusing through the confocal volume were identified by applying a search algorithm 33, 34 that searches for L photons, each having M neighboring photons within a time interval of T ms. We performed burst search on F A ex ,A em to find molecules with the acceptor present. Stoichiometry, S, and apparent FRET efficiency, E*, were calculated for each burst, 29, 30 yielding two-dimensional E*-S histograms that allow for sorting and identification of subpopulations.
Once bursts were identified, photon arrival times within each burst were further binned to provide information about temporal E* and S fluctuations within bursts. Since extended exposure of fluorophores to laser excitation increases photobleaching, we used burst-selection criteria (i.e., a search threshold on the F A ex ,A em channel) to remove bursts without an active acceptor (e.g., due to photobleaching). In some experiments (indicated in the relevant figure legends), further per-bin filtering was applied to remove spurious changes in fluorescence intensity within the bursts, such as donor-blinking (indicated by a sudden drop in the donor intensity relative to the acceptor intensity) and sudden change in relative brightness between donor and acceptor (indicated by a large change in S). 34 Burst-selection strategies are different for in-solution and ingel measurements, due to the different durations of the bursts. Large T and L values coupled with small values of M would preferentially detect continuous large bursts while including time intervals when the molecules transiently exit the confocal volume. On the other hand, decreasing T and increasing M would dissect large bursts into many smaller bursts as the intensity transiently dips below the prescribed threshold. For within-burst time-trace analysis ( Figure 5 ), we adopted the former strategy, where transient drops in intensity within the bursts were further screened using per-bin filter. The latter strategy is simpler to implement and is suitable in cases where maximization of burst duration is not important.
The standard deviation of FRET values within one burst, σ E , was calculated from the 0.5 ms binned E* trace (see Figure  5A ). The mean FRET value, E*, and its standard deviation, σ E , were plotted into 2D histograms ( Figure 5B ). Artificial "spikes" and "voids" due to binning artifact were removed by applying Gaussian smoothing to the 2D histograms.
Ensemble FRET Data Analysis. Ensemble FRET values from in-gel ALEX measurements were calculated using the expression
, where F D ex ,D em and F D ex ,A em were the ALEX-based fluorescence intensities integrated for a period of 1 s within the band of interest. To improve the accuracy of the calculation, we corrected each channel for background counts measured from the same gel sample at the start of the experiment (e.g., at t ≈ 0 in Figure 1C) .
FCS Data Analysis.
To compare the diffusion properties of molecules in solution and in gel, we used autocorrelation of the acceptor channel due to acceptor excitation to avoid any FRETinduced donor intensity fluctuations. The autocorrelation curves of the acceptor channel, G AA (τ), were fitted with a simple expression describing 3D diffusion in the absence any photophysical changes:
where N is the average number of molecules diffusing inside the confocal volume, τ D is the characteristic time spent inside the confocal volume, and γ is the ratio of axial to radial radii of the confocal volume.
FRET dynamics were analyzed by taking the ratio of donor autocorrelation G DD (τ) and donor-acceptor cross correlation G DA (τ) due to donor excitation. 35 The correlation curves contain terms describing diffusion, Diff(τ), as well as kinetic reaction, R XY (τ):
In the ideal case without spectral leakage between the donor and acceptor channels, the reaction terms for the donor autocorrelation and donor-acceptor cross correlation are given as follows
where E x is the FRET value of state x and k x is the rate of forming state x. Note that due to the anticorrelated nature of the donor-acceptor emissions in FRET, the reaction term for the cross-correlation curve increases monotonically with longer time lags. Taking the ratio of G DD (τ) and G DA (τ) removes the diffusion terms, leaving only the reaction terms defined by eqs 3 and 4. In nonideal conditions, eqs 3 and 4 become very complex once corrections terms are introduced. Since we were only interested in recovering the time scale of the folding-unfolding process, we fit the curves to a simple stretched exponential function
where C is a proportionality constant related to the relative concentration of the doubly labeled species, K is the equilibrium constant between the folded and unfolded states, is the stretch parameter, and τ R is the time scale of reaction. The stretch parameter, , can vary between 1 (where the system displays normal two-state Arrhenius kinetics, with one discrete energy barrier) and 0 (where there is a continuum of equal energy barriers and the system shows power-law kinetics). 36 A value of between 0 and 1 indicates that the reaction is heterogeneous with multiple overlapping pathways. The mean relaxation time from such reaction can be obtained by considering
where Γ(
) is the gamma function. The low amplitudes of correlation curves at longer time lags caused their ratio to be noise-dominated ( Figure 5C ); consequently, we limit our fitting to data points up to 20 ms.
RESULTS AND DISCUSSION
Identification of Electrophoretic Bands. We first positioned the confocal spot halfway in the gel (≈30 µm above the coverslip surface, Figure 1B ) and observed the fluorescence intensities due to molecules electrophoresed through the confocal volume. Migration of electrophoretic bands was observed as clustering of fluorescence bursts. Binning the fluorescence intensity traces in 1 s bins removed fast intensity fluctuations and facilitated the identification of individual bands ( Figure 1C ). Once the band of interest was identified, electrophoretic migration was stopped by switching off the power supply, followed by single-molecule detection of diffusing molecules.
The concentration gradient within a gel band allows for ensemble, FCS, and single-molecule measurements on the same sample. By moving the confocal volume toward the edges of the band, we enter the concentration regime suitable for singlemolecule detection using confocal microscopy (10-100 pM). Measuring toward the middle of the band provides the concentration regime suitable for FCS and ensemble experiments. The physical separation of samples in gel allows easy examination of all electrophoretic species in a single gel lane by moving the detection volume from one band to another. Ensemble FRET measurements using in-gel ALEX offer several advantages over ensemble fluorescence techniques such as laserbased gel scanning 7,8 or in-gel fluorescence measurements in cuvettes.
10,11 First, the use of avalanche photodiodes detectors offers higher sensitivity in the red spectral region compared to photomultiplier tubes used in gel scanners and commercial fluorimeters. Second, FRET measurements using in-gel ALEX do not require singly labeled control samples. Finally, in-gel ALEX improves the accuracy of ensemble FRET measurements by facilitating background correction, corrections for leakage, direct excitation, and difference in detection efficiencies between the donor and acceptor channels (since such correction factors can be easily obtained from single-molecule measurements 30 ) and by excluding signals from the edges of the band where noise dominates.
We demonstrated the ability to obtain ensemble FRET values from purified species by studying the DNA-RNAP reaction mixture ( Figure 1C Comparison between In-solution and In-gel Measurements. Previous observations of single-molecule FRET in polyacrylamide 26 reported lower signal-to-background ratio (SBR) for in-gel experiments (SBR ≈ 5) compared to measurements insolution (SBR ≈ 11). To validate our approach, we compared single-molecule measurements of double-stranded DNA standards using in-gel and in-solution ALEX. Fluorescence-intensity traces in gel ( Figure 2B ) showed that single molecules are detected with a slightly better SBR (SBR ≈ 25) than in solution (Figure 2A ; SBR ≈ 20) and with a substantially better SBR than the previous reports; although we cannot directly compare our SBR values with the one obtained in other laboratories, our results indicate that our method for gel preparation and in-gel spectroscopy enables sensitive single-molecule detection in the gel matrix. This improvement in SBR was likely due to the longer transit through the confocal volume, which increased the number of emitted photons per burst (not shown). Importantly, the mean E* and S values in gel were essentially identical to those in solution ( Figure  2A ,B, right panels). The in-gel S distribution was wider due to more opportunities for blinking and photobleaching during the longer time spent inside the confocal volume. We have also observed that at high excitation intensity (D ex > 500 µW, A ex > 80 µW) the background photon counts in gel increased more rapidly than in solution, causing a slight shift in E* and S relative to the values obtained in solution (not shown). We attribute this to higher impurities or scattering from the polyacrylamide gel matrix. If necessary, the effect of increasing background counts can be accounted for by applying simple corrections during the calculation of E* and S for each burst. 30 The longer fluorescence bursts found in Figure 2B indicate that molecules in gel spent, on average, longer time in the confocal Figures 2C,D  and 4C ), permitting direct observation of fluorescence fluctuations within slowly diffusing bursts without surface immobilization. The extended molecular diffusion in gels was conclusively confirmed after comparing the temporal autocorrelation curves for the same DNA in solution and in gel ( Figure 2C ). The average molecular transit time through the confocal volume (τ D ) measured in 5% PA (τ D ≈ 7.7 ms) was ≈ 4-fold longer than the value obtained in solution (τ D ≈ 2.1 ms). This effect was also reflected in the distributions of burst duration ( Figure 2D ), which showed a shift toward longer burst durations in gel (note that the burst length is influenced by the burst-search process; see ALEX Data Analysis).
The results above signify that in-gel ALEX can extend molecular diffusion without perturbing the E* and S observables. In contrast, when we embedded fluorescent DNA-hairpin molecules in polyacrylamide gel using copolymerization protocol as described, 14,17 we were not able to detect any fluorescence bursts using confocal optics (Supporting Information, Figure S-1C ). This implied that the molecules were not diffusing, consistent with previous reports of molecule immobilization when copolymerized with PA.
14,16-18,20-22, 26 On the other hand, when we brought the confocal volume close to the coverslip surface (<3 µm), we were able to see diffusing fluorescent molecules (Supporting Information, Figure S-1D) ; however, this is most likely due to molecules diffusing in the aqueous layer between the gel and the coverslip. Copolymerization with polyacrylamide is expected to be problematic, because it exposes biological molecules to free radicals, which can damage biomolecules and fluorophores, as well as to bisacrylamide, an effective cross-linking agent that might cause the observed immobilization.
Electrophoretic Separation of Charged Biomolecules. The capability to separate molecular species using gel electrophoresis on top of a microscope objective and perform immediate ALEX measurements in the same gel is vital for studying the structure and dynamics of complexes separated in the gel, since it bypasses the need for additional preparatory steps (separate gel electrophoresis, gel disassembly, imaging, gel-band excision and coverslip mounting) which can lead to dissociation of the complexes of interest. As a proof-of-principle of the ability to separate molecular species using gels and to perform immediate in-gel ALEX measurements, we recovered FRET distributions for a mixture of three DNAs of different lengths and FRET efficiencies (Figure 3 ). DNA (a negatively charged molecule) migrates toward the positive electrode during electrophoresis, with its mobility being a complex interplay between its net electronic charge and molecular size. In the absence of any higher-order structure, shorter double-stranded DNAs are expected to migrate faster than longer double-stranded DNAs in nondenaturing gels. Figure 3E shows the three DNAs (20, 40, and 45 bp in length) separated in 10% nondenaturing PA gel. This sample simulates a mixture of molecules with different conformational states (represented by different FRET values) and different electrophoretic mobility. Examination of the mixture using in-solution ALEX produced a broad E* histogram that could not be conclusively resolved into its individual subpopulations ( Figure 3A) . In contrast, in-gel ALEX separated the three DNAs on the basis of electro- shows a marked increase in the probability of having longer bursts in gel. The probability of observing a burst longer than 10 ms increased ≈3 fold in gel (50% of the selected bursts) compared to in solution (16%).
phoretic mobility (seen as three gel bands in Figure 3E ) and produced "purified" E* distributions that correspond to each DNA component of the mix (Figure 3B-D) . Our results showed that size differences as small as 5 bp (cf. Figure 3B ,C, where >95% of the molecules correspond to the main DNA population) could be resolved given the right gel concentration (here, 10% PA). In fact, a separation of 1 bp is routinely done in many biochemical studies involving DNA and RNA.
3,41,42 As a result, in-gel ALEX should be very useful for analyzing complex multicomponent mixtures with multiple conformational states and stoichiometries.
Conformational Changes in a DNA Hairpin. Information about conformational dynamics and kinetics provides an important link between biomolecular structure and function. To achieve direct observation of conformational dynamics, we used gels to slow down the translational diffusion of biomolecules and observed FRET fluctuations within diffusing molecules. As a test case, we examined a DNA hairpin with a 5 bp stem and poly-A (30 nt) loop.
DNA and RNA hairpins are important models for understanding the conformational dynamics of biopolymers. Their folding rates and equilibria are influenced by external factors, such as temperature [43] [44] [45] and concentration of cations 36, 45 (see ref 46 for a recent review). Figure 4A shows a simple schematic of a twostate reaction describing the folding and unfolding of the hairpin.
Although it has been suggested that hairpin folding is a complex process that involves several intermediate states, 44, 46 for the purpose of demonstrating the capability of in-gel ALEX, we model the hairpin as a two-state system.
Metal cations, such as Mg
2+
, are known to stabilize the folded state of hairpins.
45 Figure 4B shows the FRET distributions for freely diffusing hairpin molecules in buffers with different MgCl 2 concentrations. At 0 mM MgCl 2 , the hairpin is found primarily in the unfolded state, where the donor-acceptor distance is In the folded conformation (top subpanel), the donor and acceptor fluorophores are brought close by the zipping action of the hairpin stem, producing a high FRET value. In the unfolded conformation (bottom subpanel), the hairpin stem is unzipped, creating a disordered single-stranded DNA region that results in a lower FRET value due to the longer average interfluorophore distance. (B) The equilibrium between the folded and unfolded conformations is influenced by the presence of Mg 2+ ions. The unfolded conformation (low FRET) is favored at 0 mM MgCl 2 (top subpanel), while at a saturating concentration of MgCl 2 (100 mM, middle subpanel), the folded conformation of the hairpin is favored (high FRET). Nonsaturating (5 mM) MgCl 2 concentration produced a bimodal FRET distribution with a substantial number of bursts having intermediate FRET values. This is consistent with the hairpins undergoing interconversion between the folded and unfolded states around the time scale of diffusion. Burst selection criteria: L ) 50, M ) 6, T ) 1 ms, S > 0.6. (C) The presence of gel matrix extended the diffusion of hairpin ≈4.5-fold as shown by the τ D increase between freely diffusing molecules in buffer (≈2.2 ms) and in 6% PA gel (≈9.7 ms). Autocorrelation of F Aex,Aem was used in order to avoid complications introduced by FRET-induced donor intensity fluctuations.
large (low FRET
E* from 0.3 to 0.7), suggesting the presence of interconversion between the folded and unfolded states.
To test whether the intermediate FRET efficiencies are due to the dynamic nature of the hairpin, we compared a short doublestranded DNA (which can be treated as a rigid rod) with the DNA hairpin measured at 0 and 5 mM MgCl 2 . Using in-gel ALEX, we were able to extend the diffusion of the hairpin by ≈4.5-fold ( Figure 4C ; τ D in buffer and in 6% PA gel are 2.2 and 9.7 ms, respectively). We then utilized the extended diffusion to study real-time FRET fluctuations within long bursts ( Figure 5A ). Both the DNA and the hairpin sample without MgCl 2 showed relatively small FRET fluctuations ( Figure 5A , left and middle panels). However, the hairpin at 5 mM MgCl 2 exhibited clear, multiple, large-scale FRET fluctuations accompanied by anticorrelated donor and acceptor signals ( Figure 5A, right panel) . In contrast, measurements of hairpin dynamics in solution and in the presence of 5 mM MgCl 2 (Supporting Information, Figure  S -2C) resulted in time traces that were relatively short compared to the time scale of dynamics, making it difficult to draw conclusions regarding dynamics solely from time traces.
The dynamic nature of the hairpin at 5 mM MgCl 2 was confirmed by examining the distribution of FRET standard deviation (σ E ; Figure 5B ). Due to the nonlinear nature of FRET and the photon counts involved in the calculation of E*, bursts with intermediate FRET values (≈0.5) exhibit larger fluctuations (hence, they are characterized by larger standard deviations) than bursts with low or high FRET values. 34 To separate dynamics from shot-noise-induced variability, we used a static double-stranded DNA (dsDNA) sample with E* ≈ 0.5 as a reference point for determining the upper limit of σ E on the basis of shot noise. Essentially all DNA molecules showed σ E values lower than 0.2; hence, any bursts with σ E higher than the experimentally determined threshold of 0.2 are classified as dynamic. Using these criteria, most bursts obtained in 5 mM MgCl 2 ( Figure  5B , right panel) are dynamic. In contrast, most bursts obtained in the absence of MgCl 2 ( Figure 5B , middle) display low σ E values, consistent with that fact that they are mostly static. An extensive discussion of the standard-deviation analysis for static and dynamic samples will be presented elsewhere (J. P. Torella, Y.S., and A.N.K., in preparation).
To arrive at quantitative estimates of the folding-unfolding reaction rates, we used FCS, a sensitive method for detecting fluorescence fluctuations and their time scales. In theory, the reaction time scale can be obtained by directly fitting eq 2 to the donor-autocorrelation curves; however, in practice, this requires precise knowledge of the diffusion term Diff(τ), which means that the confocal volume has to be well-characterized. This can be circumvented if information about the diffusion term can be obtained independently, e.g., by measuring the diffusion of donoronly control sample under the same experimental conditions. 47 An alternative approach that does not require separate measurement is proposed by Torres et al., 35 where the donor-acceptor cross-correlation from the same sample is used for characterizing diffusion instead of the autocorrelation curve from donor-only sample. Using the method of Torres et al., 35 we compared reaction rates for the three different samples in 6% gels and in solution. Both the dsDNA and the hairpin DNA in the absence of MgCl 2 produced essentially constant ratio curves when measured either in gel or in solution ( Figure 5C,D) ; this implied that the original correlation curves are composed primarily of the diffusion term. However, the hairpin sample measured in 6% PA containing 5 mM MgCl 2 exhibited an exponential decay that can be fitted to eq 5 to produce τ R ) 0.71 ± 0.15 ms, ) 0.69 ± 0.07, and mean relaxation time 〈τ〉 ) 0.92 ± 0.23 ms ( Figure 5C ). The value of suggests that the reaction consists of multiple reaction pathways over a complex energy landscape.
36, 44 The results in gel are comparable to those obtained for the same hairpin in a solution containing 5 mM MgCl 2 ( Figure 5D ), where τ R ) 0.97 ± 0.21 ms, ) 0.83 ± 0.08, and 〈τ〉 ) 1.08 ± 0.25 ms, indicating that the dynamics of the hairpin are largely preserved in the gel. Additionally, the mean relaxation times obtained in solution and in gel are in good agreement with the 0.45-0.70 ms mean relaxation times obtained in ref 36 for a similar hairpin using slightly different buffer conditions and a different method of analysis.
While it is tempting to increase the concentration of polyacrylamide to extend molecular diffusion even further, at high concentrations, the pores of polyacrylamide gel may not be large enough to avoid perturbations to the system studied. For example, we have observed "trapping" of DNA polymerase I in one conformation at 8% PA; this was in contrast to the situation in 5% PA, where conformational dynamics can be clearly seen (Y.S. and A.N.K., in preparation). The result is not surprising, since the average size of gel pores in 8% PA (≈2 nm; ref 40) is smaller than the smallest dimension of the polymerase used (≈6 nm; PDB file 1KFS, ref 48) . The important observation of the shift in the equilibrium behavior between 5% and 8% PA highlights the trade off between prolonging translational diffusion and maintaining the native conformational dynamics. While similar concerns exist for other methods for extending single-molecule observation (e.g., surface immobilization), in-gel ALEX allows for this effect to be systematically studied by using varying gel concentrations.
Delivering Small Molecules Using In-gel ALEX. The ability to deliver reagents, such as nucleotides, amino acids, metal ions, or other small molecules, is crucial for many single-molecule FRET experiments.
11,19,49 Modification of the in-gel ALEX apparatus ( Figure 6A ) allows for rapid and efficient on-site delivery of small molecules on the top surface of the gel close to the confocal spot; this capability is vital for studying the effect of small molecules on the structure and dynamics of rare, transient, or unstable molecular complexes, since it bypasses the need for several additional preparatory steps that can lead to dissociation of these complexes (see Electrophoretic Separation of Charged Biomolecules). (B) Two-dimensional plots of E* and standard deviation of E* (σ E ) for bursts detected using the selection criteria given in part A. Top subpanel in each 2D plot, E* histogram; right subpanel, σ E histogram. For relatively static samples (DNA and hairpin in TG buffer), the σ E distributions are biased toward low σ E value (<0.2). For the dynamic sample (hairpin in 5 mM MgCl 2 ), the σ E distribution is shifted toward higher value (σ E > 0.2), indicating the higher variability of FRET values within a burst. Note that the FRET distribution for this sample is shifted toward intermediate FRET value as compared to that measured in solution ( Figure 4B ); this is caused by an increased FRET averaging within the fluorescence bursts, as individual hairpin molecules sample both the folded and unfolded conformations many times during their transit from the confocal spot. (C) Determination of interconversion rates using the FCS ratio method. 35 Top subpanels, donor autocorrelation [G DD (τ), black lines] and donor-acceptor cross correlation [G DA (τ), gray lines] curves normalized such that G DD (τ) curves fall between 0 and 1. The amplitude of the cross-correlation curve is proportional to the relative concentration of the doubly labeled species; therefore, samples with differing donor-acceptor concentrations will have different maximum correlation amplitudes. Bottom subpanels, ratios of G DD (τ) and G DA (τ) (black lines) and the fitted function (red line). The parts of the curves above 20 ms are dominated by noise due to the low amplitudes of the correlation curves and consequently were not considered during fitting. The DNA and hairpin sample in the absence of MgCl 2 showed little dynamics; however, the DNA hairpin sample in 5 mM MgCl 2 exhibited a large fluctuation that can be fitted with a stretched exponential function with mean relaxation time (〈τ〉) of 0.92 ( 0.23 ms (with the standard deviation calculated from six replicates). (D) Determination of interconversion rates for samples in solution using the FCS ratio method. Similar to part C, the DNA and hairpin samples showed no dynamics in the absence of MgCl 2 ; in contrast, the hairpin sample in 5 mM MgCl 2 exhibited large fluctuations with a mean relaxation time (〈τ〉) of 1.08 ( 0.25 ms (standard deviation from six replicates). The similarity of interconversion rates in solution and in gel shows that the gel matrix largely preserves the dynamics of the DNA hairpin.
distance and consequently an increase in the FRET value (E* ≈ 0.3). Within 10 min of delivering denaturant (sodium dodecyl sulfate, SDS), most of the open complexes (>90%) were destroyed, leaving the promoter DNA in its linear B-DNA confirmation, which exhibits a reduced FRET efficiency due to the increase in the mean separation of the donor and acceptor. The incubation time can be shortened by increasing the amount and the concentration of the reagents as well as by decreasing the gel thickness by using thinner spacer. We also note that when a specific concentration of a certain analyte is required in the gel (e.g., the concentration of Mg 2+ in Figure 5 ), it is best to presoak the gel with buffer in the right concentration for 1 h before loading the sample.
CONCLUSIONS
Our work introduces simple, general, and robust ways to combine the use of gels with single-molecule FRET/ALEX spectroscopy and FCS. Our results clearly establish that excellent signal-to-background ratio (≈25) can be obtained in polyacrylamide gels, in contrast to a previous report. 26 We attributed this to the complete gel polymerization prior to the addition of fluorescent molecules; this ensures removal of free radicals (present during acrylamide polymerization), which are known to induce cross-linking 1,27 and to change the photophysical properties of fluorophores. 18, 22, 26 We further demonstrated simultaneous separation and extended diffusion of biomolecules using in-gel ALEX and recovered FRET distributions of individual DNA populations differing by only 5 bp in length; these capabilities should be instrumental for studying complex molecular assemblies, such as transcription, 8,10,11,32 recombination, 7 and nucleosomal complexes.
9, 50, 52 We further exploited extended molecular diffusion in gel to observe real-time FRET fluctuations within diffusing hairpin without the need for surface immobilization. Consistent with a previous report, 44 we showed that DNA hairpin with 5 bp stem and A 30 loop fluctuates between the folded and unfolded conformations at 0.5-1 ms time scale. The ability to extend diffusion time without affecting the inherent dynamics enabled us to study FRET dynamics using FCS, where the time scale of reaction (τ R ) is similar to or faster than the time scale of diffusion (τ D ). 50 In-gel ALEX can be extended further by borrowing from established techniques in gel electrophoresis and single molecule fluorescence. For instance, ALEX spectroscopy is fully compatible with agarose gels or use of stacking layers (where a thin gel layer of different composition gel is added on top of the main gel matrix) for improving band resolution.
1 Moreover, preliminary in-gel ALEX observations (Y.S. and A.N.K., unpublished) in the presence of an electric field resulted in reduced photobleaching, faster sampling of molecules, and improvement in photon statistics, benefits similar to those observed for single-molecule detection in nanopipets. 
